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The well-documented human bias toward agency as a cause and therefore an explanation 
of observed events is typically attributed to evolutionary selection for a "social brain" Based 
on a review of developmental and adult behavioral and neurocognitive data, it is argued that 
the bias toward agency is a result of the default human solution, developed during infancy, 
to the computational requirements of object re-identification over gaps in observation of 
more than a few seconds. If this model is correct, overriding the bias toward agency 
to construct mechanistic explanations of observed events requires structure-mapping 
inferences, implemented by the pre-motor action planning system, that replace agents 
with mechanisms as causes of unobserved changes in contextual or featural properties of 
objects. Experiments that would test this model are discussed. 
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INTRODUCTION 

That human beings exhibit a bias, beginning in infancy, toward 
explaining events in terms of agency is well documented 
(reviewed by Bloom, 2007; Boyer and Bergstrom, 2008; Rosset, 
2008; Waytz et al., 2010). The classic experiments of Heider and 
Simmel (1944) showing that subjects readily attribute agency 
to animated geometrical shapes, which have been repeated and 
elaborated upon in the years following (reviewed by Scholl and 
Tremoulet, 2000; Scholl and Gao, 2013), remain one of the most 
striking demonstrations of this bias toward agentive explanation. 
Gao et al. (2010), for example, showed not only that adult 
subjects "irresistibly" attribute both agency and malign intent to 
displays of "V" shapes moving in particular ways, but also that 
this spurious attribution of agency disrupts performance on a 
multiple-object tracking task. The human bias toward agentive 
explanation is not, of course, restricted to the laboratory. Evi- 
dence from multiple cultural groups increasingly indicates that 
adults regularly explain events by appeal to a combination of 
supernatural agentive causes and natural, non-agentive causes 
(Legare et al, 2012). That supernatural and teleological causes 
tend to be invoked preferentially under conditions involving time 
limitations (e.g., Gelman and Legare, 2011) or stress (e.g., Paul, 
2009) suggests that they represent a default strategy and hence 
a cognitive bias; indeed Kelemen et al. (2013) have recently 
shown that even professional physical scientists readily accept 
teleological explanations of natural phenomena when stressed 
with time limitations. While technological culture by itself might 
be expected to reduce the frequency of explanatory appeals to 
supernatural agency in particular, the high level of religiosity 
in the United States (Paul, 2009) indicates otherwise. Indeed, 
technological culture both promulgates and benefits from the bias 
toward agency in areas ranging from automobile esthetics to the 
ubiquitous and increasingly psychologically-sophisticated use of 
the "agent metaphor" in user-interface design (e.g., Schiaffino and 
Amandi, 2004). 



What remains less clear is the source of this bias toward 
agentive explanation. While robust traditions of psychological, 
sociological and cultural analyses have focused on the emergence 
and maintenance of the religious manifestation of the bias toward 
agency in communities of adults (see reviews by Main, Davie and 
Bowie, respectively, in Segal, 2006), research over the last two 
decades increasingly indicates that the bias toward agency devel- 
ops in early infancy and depends only on non-specific experience 
(reviewed by Luo and Baillargeon, 2010; Bremner, 2011; Csibra 
and Gergely, 2012; Rottman and Kelemen, 2012; see Vaden and 
Woolley, 2011 for evidence that the religious manifestation of 
the bias does depend on specific religious experience). Employ- 
ing cross-cultural data, Kelemen (2012), for example, discounts 
parental, social and broader cultural influences as explanations of 
the "promiscuous teleology" of children in favor of a cognitive 
developmental explanation based on the possession by infants of 
"intentional agent" as a fundamental category and their tendency 
to interpret all observed events as caused, directly or indirectly, by 
such agents. The origin of the category "intentional agent" and 
the tendency of infants, children and even adults to employ it 
ubiquitously is often explained in turn by appeal to the "social 
brain hypothesis" that human cognitive architecture is an evolu- 
tionary adaptation to a selective environment in which competing 
individuals were and still are forced to cooperate within cohesive 
social groups (reviewed by Adolphs, 2003, 2009; Dunbar, 2003; 
Dunbar and Shultz, 2007). According to this hypothesis, the 
agentive actions of conspecifics, whether friends or foes, largely 
defined the selective environment of hominid evolution; the over- 
application of agentive explanations outside the social sphere is an 
unsurprising consequence of the tendency of selective pressures to 
favor false positives from risk detectors over false negatives. While 
this evolutionary account explains why a bias toward agency 
might be expected in human populations, however, it does not 
explain either how the bias is implemented or its developmental 
time course. 
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As noted, the bias toward agency first becomes apparent in 
early infancy. While infants are able to categorize observed objects 
as "inanimate" and even as "self-propelled inanimate" (Luo et al., 
2009; Rakison and Yermolayeva, 2010), infant recognition of non- 
agentive causation appears to be limited to directly-observed, 
contact-dependent transfers of mechanical force (Spelke, 1994). 
Changes in behavior that do not result from observed contact 
forces, such as autonomous changes in direction of motion that 
result in circumvention of an obstacle, indicate agency. Infants 
are surprised by self-propelled inanimate objects and often (see 
below) categorize them as "agents". Considerable evidence indi- 
cates that the recognition of agency is implemented, at least in 
part, by the mirror neuron system (MNS; reviewed by Cattaneo 
and Rizzolatti, 2009; Rizzolatti and Sinigaglia, 2010; Casile et al., 
2011). As the origin, development, functions and anatomical 
extent of the MNS, the extent to which mirror neurons as origi- 
nally defined (di Pellegrino et al, 1992) contribute to perception- 
action "mirroring" as a functional outcome, and the extent to 
which the association of perceived actions with heterologous 
motor representations can be considered a "mirror" function 
are all subject to considerable debate (e.g., Gallese et al., 2011; 
Cook et al, 2014), here the term "MNS" is used broadly to 
refer to components of the visuo-motor system that produce spe- 
cific motor excitations in response to specific visual perceptions 
and hence implement mirroring — again broadly conceived — as 
a function. Some recent evidence suggests that this mirroring 
function, and hence an MNS, is sufficiently developed at birth 
to allow the discrimination between erect point-light walkers 
and inverted ones (Simion et al, 2008; Bardi et al., 2011; see 
Pavlova, 2012 for a review of contrasting findings). Early involve- 
ment of the MNS in the recognition of agency is particularly 
indicated by the correlation between infant abilities to imitate 
actions — in some cases, only after appropriate training — and to 
recognize those same actions as goal-directed and hence inten- 
tional when they are performed by other entities categorized 
as agents (reviewed by Woodward et al., 2009; Marshall and 
Meltzoff, 2011). The parallel development of agency detection 
and MNS capabilities in infants, together with the very limited 
and specific infant abilities to recognize non-agentive causes, 
suggests that agency can be regarded as an experience-dependent 
but nonetheless architecturally-specified default representation 
of causation in infancy. The question of why the bias toward 
agency survives into adulthood can, therefore, be viewed as the 
question of why this infant default should survive post-infancy 
experience, and in particular, why it should survive post-infancy 
experience in highly-technological cultural settings in which self- 
propelled or otherwise self-powered artifacts are both ubiqui- 
tous and available for exploratory investigation, and in which 
explicit educational instruction in mechanistic thinking is nearly 
universal. Recent evidence that adults cross-culturally are even 
more biased toward supernatural agency, in particular, as an 
explanation than are children (Woolley et al., 2011) makes this 
question even more urgent. Assuming that the bias toward agency 
is an evolutionary outcome as postulated by the social brain 
hypothesis, what is it about the implementation of this outcome 
that makes it so refractory, both to experience and to consciously- 
accessible explicit knowledge? At least some children exposed to 



self- or remotely-powered artifacts develop an understanding that 
internal or remote mechanisms can cause complex behaviors dur- 
ing the preschool years (Kushnir and Gopnik, 2007; Sobel et al., 
2007; Sobel and Buchanan, 2009; Buchanan and Sobel, 2011), 
a period during which "folk physics" capabilities are rapidly 
developing (Karmiloff-Smith, 1995). Why does the attribution of 
agency to, for example, animated geometrical shapes survive this 
transition to a post-infancy understanding of mechanism-driven 
causality? 

The present paper proposes that the infant bias toward agency 
is maintained, at least in part, by the computational requirements 
of re-identifying individual objects as the same individuals across 
changes in features and context. As emphasized by Baillargeon 
(2008), the human cognitive architecture appears to implement, 
from birth, a "principle of persistence" according to which objects 
"not only exist continuously and remain cohesive, they also retain 
their individual properties" (p. 3) in the absence of identifiable 
causal influences. Hence infants are surprised, for example, when 
an object has disappeared or its position has changed following a 
brief occlusion. As infants mature, they are increasingly capable of 
re-identifying objects after substantial "occlusions" — for example, 
after waking up the next morning — in a way that is robust 
against differences in both object locations and features. Re- 
identifying objects as persistent individuals across substantial gaps 
in observation during which context-changing motions and/or 
featural changes have occurred requires attributing an unobserved 
cause to the observed differences in context or features (reviewed 
by Rips et al, 2006; Scholl, 2007; Fields, 2012a). If agency is 
the default cause of motion and feature change available in 
infancy and early childhood, unobserved agentive causes can be 
expected to be associated with every individual object on every 
occasion of its re-identification in a different context or with 
altered features. Attributing a mechanical cause to differences 
in the features or context of an object re-identified following a 
gap in observation requires overriding this default within the 
object re-identification system. It is suggested that mechanical 
causes become available to the object re-identification system 
via structure mapping inferences, the kind of inferences that 
implement analogies (Centner, 1983; Markman and Centner, 
2001), and that they become available only following appropri- 
ate experience. Evidence from a variety of sources suggests that 
these structure-mapping inferences are implemented by the pre- 
motor action-planning system (Schubotz, 2007; Bubic et al., 2010; 
Fields, 2011a, 2012b). If this model of object re-identification is 
correct, agentive explanations remain the default into adulthood 
unless they are replaced, via this structure-mapping process, by 
mechanical explanations in the functional context of the object 
re-identification system. 

The sections that follow review the evidence supporting this 
model and discuss experiments that would further test it. The 
next section, "Background" briefly reviews the past decade of 
experimental work on visual indicators of agency during infancy, 
infant abilities to recognize and imitate actions performed by 
entities identified as agents, and pre-school abilities to understand 
mechanism-driven causation. The latter studies show that while 
agentive explanations remain a default for pre-schoolers, they 
can override this default in at least some contexts to produce 
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explanations that appeal to hidden mechanisms as causes. The 
third section, "The Role of Causal Reasoning in Tracking Object 
Identity Over Time" reviews evidence that representations of 
unobserved causal processes encoded by the pre-motor action- 
planning system play an obligate role in re-identifying objects 
across gaps in observation of more than a few seconds. If all 
unobserved causal processes are agentive, their role in object re- 
identification over time renders object identity itself dependent 
on agency. The fourth section, "Mechanism-Driven Causation as 
An Obligate Analog of Agency" reviews evidence that structure 
mapping inferences are required to replace representations of 
internal or external agents with representations of unobserved 
mechanisms as the causes of changes in object locations or fea- 
tures across gaps in observation. As such inferences require cog- 
nitive resources, the explanation of observed changes by appeal to 
unobserved mechanisms is intrinsically more resource-intensive 
than their explanation by appeals to unknown agents. The fifth 
section, "Overriding the Bias Toward Agency" summarizes the 
resulting model of the bias toward agency, its maintenance into 
adulthood, and the kinds of experiences required to override the 
bias; it also discusses experiments that would further test the 
model. The paper concludes by briefly exploring the link between 
"social brains" and the ability to re-identify objects over time 
that the model implies. Such an ability is clearly required by 
any social organization that requires its members to recognize 
individual conspecifics over extended time. The model thus sug- 
gests that the social utility of recognized individuality, not just 
requirements for group cohesion or cooperation in the face of 
similarly-organized competitors, drives the evolution of social 
brains. 

BACKGROUND 

INDICATORS OF AGENCY IN INFANCY 

"Agent" appears to be a fundamental, and quite possibly innate, 
ontological category for human infants (Luo and Baillargeon, 
2010; Bremner, 2011; Csibra and Gergely, 2012; Rottman and 
Kelemen, 2012). One can ask, therefore, what perceptual cues 
indicate agency to infants, and if or how these indicators change 
over the course of infancy. In particular, one can ask what indica- 
tors are sufficient, either individually or collectively, as indicators 
of agency to infants, and whether any of these sufficient indicators 
are also necessary. 

Infants orient from birth toward human faces (reviewed by 
Simion et al., 2011). One can hypothesize, therefore, that having 
a human or human-like face is a sufficient indicator of agency 
for infants. Kamawari et al. (2005) tested this hypothesis by com- 
paring the responses of 6.5 month-old infants to three displays 
showing candidate "agents" approaching a stationary target — a 
stepped block — via either a straight path or a path containing a 
detour. Unnecessary detours by either a human actor or a robot 
with a human-like face were surprising to infants, as measured by 
increased looking time, while an unnecessary detour by a feature- 
less rectangular block elicited no surprise. A moving object with a 
human-like face, therefore, appears sufficient to indicate agency to 
6.5-month-old infants. A subsequent experiment (Csibra, 2008) 
modeled closely on that of Kamawari et al. showed, however, 
that a human-like face is not necessary. In this experiment, the 



responses of 6.5-month-old infants to an unnecessary detour by 
a featureless rectangular block were compared with the indepen- 
dent variable being whether the infants had previously watched 
the block detour around a visible obstacle using only one path — a 
condition that replicated the design of Kamawari et al. (2005) — 
or using two paths of equal efficiency. Infants who had previously 
observed the block follow multiple paths to the target were 
surprised by the unnecessary detour, suggesting an attribution 
of agency to the moving block. This result is consistent with 
other studies (Biro and Leslie, 2007; Luo, 2011) that demonstrate 
equifinal variations of actions by self-propelled objects as an 
indicator of agency in infants as young as 3 months. 

These results, which rely on a visual perception task and there- 
fore provide information about visual information-processing 
pathways, indicate that while feature information — a human- 
like face — may be sufficient as an indicator of agency, trajectory 
information alone is also sufficient. Whether trajectory informa- 
tion is necessary has not been determined; ethical experimental 
protocols cannot test, for example, whether having a human- 
like face would indicate agency to young infants even if enti- 
ties with human-like faces were never observed to move. Even 
with this proviso, however, a significant fact about architecture 
can be inferred: while activations of the ventral "what" visual 
pathway that processes feature information can contribute to 
the identification of agents by infants, activations of the dorsal 
"where" visual pathway that processes trajectory information can 
identify agents in the absence of agent-specific feature infor- 
mation. This dominance of dorsal trajectory recognition over 
ventral feature recognition for agency detection makes sense on 
evolutionary grounds. In the ancestral human niche, most self- 
propelled objects were agents: humans or other animals. If agents 
are more likely to be either helpful or dangerous than non-agents, 
being able to identify them using only the relatively- fast, feature- 
independent dorsal stream is advantageous. Dorsal-stream dom- 
inance is also familiar: trajectory information dominates feature 
information in determining what is represented, at the object- 
file level, as a persistent entity within a visual scene (reviewed 
by Treisman, 2006; Scholl, 2007; Flombaum et al., 2008; Fields, 
2011b). Hence sufficient indicators of agency are present in the 
object file, the initial visual-system representation on which all 
downstream processing acts, in feature-independent form when- 
ever a moving agent is detected. From this it can be inferred that 
excitations of superior temporal sulcus (STS) are components of 
the initial visual representation of an observed agent (Rizzolatti 
and Matelli, 2003; Nassi and Callaway, 2009). The initial visual 
representations of non-agents — passive objects that move only 
when acted upon by contact forces or gravity, and self-propelled 
objects that follow invariant, typically linear trajectories — can 
similarly be expected to involve excitations of medial temporal 
gyrus (MTG). 

As infants continue to mature from 6 months to the onset 
of communicative language use at 18-24 months, their abilities 
to represent features of objects and hence distinguish between 
individual agents or categories of agents progressively improve 
(Baillargeon et al, 2011, 2012). As discussed below, their abilities 
to recognize and imitate actions also improve. Available evidence 
does not, however, suggest that either the perceptual indicators 
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of agency or the variety of objects to which agency may be 
attributed change during this period; merely being self-propelled, 
for example, is still demonstrably insufficient as an indicator of 
agency at 18 months (Cicchino etal, 2011). Indeed, adult tenden- 
cies to attribute agency to animated geometric shapes using the 
same trajectory indicators used by infants (Scholl and Tremoulet, 
2000) suggest that these indicators remain stable across the 
lifespan. 

The experiments reviewed above would be uninterpretable 
without the assumption that the infants involved, starting at the 
youngest ages tested (i.e., 3 months), are aware of both the moving 
objects and their motion. Nothing in either the experiments or the 
inferences drawn from them, however, implies or even suggests 
that the infants involved are aware of their categorization of the 
objects involved as agents. As Whitehead (2001) has emphasized, 
the conflation of awareness with awareness of awareness is a com- 
mon cause of confusion and over- statement in cognitive science; 
a similar confusion must be avoided here. While it is justified 
to regard these infants as possessing a procedurally-implemented 
perceptual category "agent", it is unjustified — at least on the basis 
of the results reviewed here — to regard them as possessing a 
consciously accessible concept "agent" prior to their acquisition of 
theory-of-mind (ToM) language in the late preschool years (Saxe 
et al, 2004). 

ACTION RECOGNITION AND IMITATION IN INFANCY 

Mirror system function in infants has been examined at the 
behavioral level using both looking time and imitation measures. 
As noted, even 2-day-old infants appear to be more interested, as 
measured by looking time, in an upright point-light walker dis- 
play than an inverted display, even when the display shows a hen 
walking as opposed to a human (Simion et al, 2008; Bardi et al., 
2011). Similar experiments suggest that the direction of motion of 
a human point-light walker display, which remains stationary as 
if on a treadmill, is detectable by 6-month-old infants (Kuhlmeier 
et al., 2010). The interpretation of looking-time results is not 
completely straightforward (for discussions see Aslin, 2007; Turk- 
Browne et al., 2008) and may be particularly problematic in 
the case of point-light walkers, which are neither connected nor 
bounded and thus violate two of the key "principles" of persistent 
object identification (Baillargeon, 2008; Flombaum et al, 2008). 
However, the apparent ability of even the youngest infants to 
"notice" point-light walkers as interesting and to extract useful 
information from such displays suggests that infants are able to 
construct object files that capture coherent motion at a high level 
of abstraction (Fields, 2011b). 

While the role of M NS in action imitation remains controver- 
sial as noted (Gallese et al., 2011; Cook et al, 2014), considerable 
evidence now indicates that action-imitation abilities are strongly 
dependent on prior experience with action performance. For 
example, 3-month-old infants provided with and trained in the 
use of sticky mittens that enabled them to "grasp" objects even 
before the typical onset of coordinated grasping were able to 
imitate observed grasping actions by an adult wearing similar 
mittens, while infants provided with mittens but not trained in 
their use were unable to perform or imitate grasping (Woodward, 
2009). The correlation between the ability to imitate an action 



and prior spontaneous or trained performance of that action 
continues through later childhood (reviewed by Del Giudice et al., 
2009; Woodward et al, 2009; Ray and Heyes, 2010) and into adult- 
hood (Heyes, 2012). Infant imitation is not restricted to human 
or even animate actors; even 9-month-old infants will imitate, to 
the extent possible given their behavioral repertoires, the actions 
of mechanical devices provided that they perceive such devices as 
agents (Boyer et al., 2011). Such imitation of mechanical devices 
becomes commonplace in the preschool years, when children 
frequently imitate the sounds and motions of cars, airplanes, or 
other machines — often accompanied by announcements such as 
"I'm an airplane" — in unstructured play. 

As the defining function of the MNS is to excite motor rep- 
resentations of actions in response to observations of actions, it 
is natural to hypothesize that MNS activity is centrally involved 
in planning the actions that implement imitation in infants 
and young children. Observations of presumptive MNS activity 
in infants using high-resolution EEG recordings support this 
hypothesis (Southgate et al., 2009; Kanakogi and Itakura, 2011; 
Nystrom et al, 201 1; Virji-Babul et al., 2012; reviewed by Marshall 
and Meltzoff, 2011). The plasticity of the MNS, in particular 
its ability to respond in an experience-dependent manner to 
non-biological as well as biological motions (Schubotz and von 
Cramon, 2004; Engel et al., 2007; reviewed by Catmur et al., 
2007; Heyes, 2010), is consistent with MNS involvement in the 
imitation of mechanical devices as well as human or other animate 
agents. 

While imitation ability is sometimes characterized in terms 
of "intention reading" (e.g., Woodward et al., 2009; Luo and 
Baillargeon, 2010), it is important, as noted earlier, to avoid the 
inference that infants are reflectively aware of either the goals of 
observed actions or the intentions of the agents who perform 
them (Paulus, 2012a), or that infants "rationally" — again in any 
sense requiring reflective awareness — choose imitative actions 
that meet mechanical criteria of efficiency (Paulus, 2012b). Activ- 
ity in the MNS does not entail awareness of what the MNS is 
computing; the results reviewed are consistent with the view that 
infants are aware of the actor and action being imitated, and are 
aware of their own imitative actions, but are not aware that their 
actions are imitative. They are, similarly, consistent with the view 
that infants categorize some observed actions as goal-directed and 
hence intentional, but lack any consciously-accessible concepts of 
goal-directedness or intentionality prior to the development of 
ToM language. 

DEVELOPMENT OF MECHANISM-BASED CAUSAL REASONING IN 
CHILDHOOD 

Pre-school children in industrialized cultures — at least within 
the affluent demographic primarily studied by developmental 
cognitive psychologists (Henrich et al., 2010) — live in environ- 
ments in which self-propelled devices capable of variable and 
sometimes complex behaviors are both common and available 
for manipulation and exploration; many such devices are, indeed, 
toys intended for use by pre-schoolers. Children as young as 
3 years old are sufficiently familiar with batteries, for example, 
to understand that their presence is necessary to make some 
devices display expected behaviors (Buchanan and Sobel, 2011). 
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From the perspective of infant object categorization, this is a 
striking ability: a battery is a passive, non-self-propelled object, 
a battery-less mechanical toy is a passive, non-self-propelled 
object, but a mechanical toy with batteries installed may be self- 
propelled and display other behaviors indicative of agency, and 
may indeed be regarded by the child as an agent. How pre- 
schoolers represent such categorization conflicts, and whether 
they resolve them in the context of reflectively-accessible "mental 
models" (Centner, 2002) of devices such as mechanical toys 
remains to be investigated. Ordinary observations, however, are 
sufficient to show that children find the resolution of such con- 
flicts enjoyable and rewarding, just as adults find understanding 
"how things work" enjoyable and rewarding (reviewed by Fields, 
2011c). 

By 4 years old, children are able to identify unfamiliar inter- 
nal parts of objects as conferring causal power in the way that 
batteries do (Sobel et al., 2007), although 3-year-olds lack this 
more general ability. Four-year-olds are also able to recognize 
that visible connections from one object to another — such as 
wires — are able to transfer causal power even though they do not 
move and hence do not transfer mechanical force; again, 3 -year- 
olds lack this ability (Buchanan and Sobel, 201 1). Between 4 and 
5 years old, children develop an understanding of non-contact 
causation that operates at a distance, in the way a TV remote 
control does (Kushnir and Gopnik, 2007; Sobel and Buchanan, 
2009). In all of these cases, the causally-efficacious part employed 
in the experiments — whether an unfamiliar internal component, 
a wire-like connection, or a colored block capable of remotely 
activating a "blicket" detector — was otherwise a passive, non-self- 
propelled object, as was the object that the causally-efficacious 
part activated. Hence all of these experiments required children 
to resolve categorization conflicts involving passive, non-self- 
propelled objects acting in agent-like ways when appropriately 
associated. 

It is worth emphasizing how far from contact forces and 
rigid-body mechanical motions — the core domain of folk physics 
learned from infancy by observation and exploratory manip- 
ulation (McCloskey, 1983; Karmiloff- Smith, 1995) — these pre- 
school abilities to recognize otherwise passive parts as causally 
efficacious go. The pushes and pulls of rigid-body mechanical 
forces are readily understandable in terms of somatosensory 
and proprioceptive sensations and felt muscular effort; such 
non-verbal kinematic and dynamic understanding enables tool 
improvisation using rigid bodies not just in humans, but in 
many other species (Fields, 2011a). Neither somatosensory and 
proprioceptive sensations nor felt muscular effort, however, is 
sufficient to understand that a battery can make a mechanical 
toy go, or that a remote control can turn on a television. While 
an appreciation of folk physics confers considerable predictive 
power, the ability to attribute internal structure or remote causal 
powers to otherwise passive objects is the requisite first step 
toward the kind of analytical thinking that underlies reverse 
engineering and other forms of diagnostic reasoning as well 
as all theoretical sciences concerned with how things work as 
opposed to merely what things do. Baron-Cohen (2002, 2008) has 
termed this particular kind of analytical thinking "systemizing" 
to emphasize that it involves viewing complex objects as systems 



of interacting components. The experiments of Gopnik, Sobel 
and their colleagues demonstrate that robust systemizing abilities 
begin to develop, given appropriate experience, between 3 and 5 
years of age. 

Systemizing is not the only ability that children begin to 
develop between 3 and 5 years of age: this is also the time when 
they begin to develop robust ToM abilities, in particular, the 
ability to attribute explicit, linguistically-reportable mental-state 
contents to others (reviewed by Saxe et al, 2004). Sobel and 
Munro (2009) have provided evidence that these co-developing 
abilities are non-trivially related by showing that 3-year-olds 
could recognize an object with hidden causal power if they con- 
strued it mentalistically as "liked by" a target object, even though 
they were unable to identify such objects as having hidden causal 
power under a mechanistic construal. Indeed throughout this 
age range, as well as after, children display a marked preference 
for mentalistic explanations, including teleological explanations, 
over mechanistic explanations (reviewed by Kelemen, 2004); their 
new-found ability to understand causal mechanisms sometimes 
overrides but does not replace the bias toward agency in their 
understanding of the world. It will be argued in the Section, 
Mechanism-Driven Causation as an Obligate Analog of Agency 
below that the co- development of systemizing and ToM abilities 
may be the key to understanding how the capability for systemiz- 
ing develops during pre-school childhood. 

THE ROLE OF CAUSAL REASONING IN TRACKING OBJECT 
IDENTITY OVERTIME 

With the above background, the question posed in the intro- 
duction can be formulated more precisely: if pre-school chil- 
dren develop an understanding of mechanism-driven causation — 
possibly only an implicit, unverbalized understanding — that 
enables them to grasp the fact that passive inanimate objects 
such as batteries or wires can cause otherwise passive inani- 
mate objects to behave in complex, unpredictable ways, or to 
grasp the fact that such causal powers can act over a distance 
without mechanical contact, why do they still exhibit a gen- 
eral preference for causal explanations that appeal to agency? 
Why, in particular, does this new understanding not lead to the 
replacement of agentive causation by mechanical causation as 
the default explanation of the behavior of inanimate objects? 
One possible answer to this question is that explanations that 
appeal to agency are simply easier to construct than explana- 
tions that appeal to internal, remote, or otherwise non-obvious 
mechanisms. It is often claimed, for example, that systemizing 
is a poor strategy for understanding human behavior because 
human behavior is complex and unpredictable (e.g., Baron- 
Cohen, 2002). Implicit in this claim is the idea that it is some- 
how easier to postulate an unknown intention than it is to 
postulate an unknown mechanism, and perhaps easier as well to 
imagine a situation-specific intention to explain an unexpected 
or unusual occurrence that it is to imagine a situation-specific 
mechanism. The results of Kelemen (2004, 2012) suggest that 
young children find it easier to construct teleological explanations 
than non-teleological ones; the experiments of Kelemen et al. 
(2013) with Ph.D.-level scientists and humanities scholars as 
well as the prominent cross-cultural role of adult religion as 
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an explanation of "inexplicable events" suggests that the same 
is true of adults. Hence our motivating question can also be 
posed as: why should it be easier — less resource-intensive, or less 
architecturally complex — for the human neurocognitive system 
to construct agent-based rather than mechanism-based explana- 
tions of events? What is it about the representation of causes 
that makes representing an unobserved agentive cause easier than 
representing an unknown mechanical cause? The evolutionary 
considerations underlying the social brain hypothesis suggest that 
an asymmetry in the representation of agentive vs. mechanical 
causes may be advantageous, but they shed no light on this 
question of implementation. 

The primary hypothesis of the present paper is that a pre- 
motor representation of agency as a cause of both motion and 
featural change plays a critical role, throughout infancy and into 
early childhood, in the developing ability to represent objects as 
persistent through time, and therefore in the developing ability 
to re-identify objects as individuals across increasingly large gaps 
in observation. A corollary of this hypothesis is that the ability 
to represent an internal or remote mechanism — particularly an 
unobserved mechanism — as a cause of either motion and featural 
change is derivative, by structure mapping inferences, from the 
ability to represent agents as causes. If this hypothesis is correct, 
the human bias toward agency survives from infancy into adult- 
hood because mechanism-based causal reasoning is in fact harder 
than agent-based causal reasoning: it requires additional inferen- 
tial steps and therefore additional neurocognitive capabilities and 
resources. The remainder of this section reviews evidence sup- 
porting the hypothesis that pre-motor representations of causality 
enable object re-identification across gaps in observation. The 
next section reviews evidence that mechanism-driven causation 
is an obligate analog of agency-driven causation. The final section 
discusses experimental designs to further test the resulting model 
of object re-identification. 

Alert infants are not indifferent to changes occurring in their 
environments; however, the changes to which they are sensitive 
are highly dependent on both age and experience. Four and a 
half month-old infants, for example, are initially unable to segre- 
gate displays of unfamiliar stationary solid objects into distinct, 
bounded entities, but with appropriate experience with objects 
similar to those displayed can do so (Needham et al., 2005). 
Spelke (1994) synthesized results from early experiments with 
infant object segregation and re-identification to propose that 
infants employ innate "principles" of cohesion and continuity of 
motion to segregate objects, and an innate principle of physical 
contact for the transmission of mechanical forces. This latter 
principle applies in particular to inanimate objects, which are 
typically not self-propelled and hence move only when acted 
upon by an agent; it applies, moreover, to physical contact that 
has been observed. With results from many subsequent stud- 
ies, Baillargeon (2008) generalized from the principles of cohe- 
sion and continuity of motion to propose that infants employ 
an innate principle of persistence for both objects and their 
attended properties, with the explicit proviso that the types of 
properties taken to be persistent depend on age and experi- 
ence (see also Baillargeon et al., 2011, 2012). Statements that 
such principles constitute a fundamental form of "knowledge" 



(Spelke, 1994) or inform infants' "reasoning" (Baillargeon, 2008) 
about objects do not, however, shed any light on how such 
principles might be implemented by the developing neurocog- 
nitive system, nor can they be taken to imply that infants are 
reflectively aware of either the principles that they appear to 
employ or the inferences that such principles might entail (Fields, 
2013a). 

Experiments testing visual object tracking or judgments of 
visual object persistence over short (few second) exposure times, 
in some cases with brief (few 100 ms) occlusion times, have 
consistently shown that trajectory information dominates feature 
information in infants as it does in adults (Treisman, 2006; Scholl, 
2007; Flombaum et al., 2008; Fields, 2011b). Young infants do 
not, however, treat the same trajectories as indicating object 
persistence that older infants, children, or adults do; 4-month- 
old infants, for example, are more tolerant of changes in the 
speeds of objects while occluded (Bremner et al., 2007), and do 
not recognize occluded bounces as identity-preserving (Bremner 
et al, 2005). These results suggest both that the excitation of 
one or more visuo-motor networks that recognize specific curvi- 
linear paths as trajectories is required for the recognition of 
object persistence during short visual exposures, and that the 
specificities of such trajectory-recognition networks change over 
developmental time (Fields, 2011b). As demonstrated by Need- 
ham et al. (2005) as well as by many others, however, object 
features play an increasingly-significant role in both visual object 
segmentation and re-identification over longer visual exposures, 
including exposures involving occluders; indeed infants would 
be incapable of re-identifying objects that had changed positions 
while unattended — for example, while the infant was sleeping — if 
this were not the case. 

The simplest heuristic with which to re-identify objects 
across significant gaps in observation extends and operationalizes 
"Leibniz's Law" of the identity of indiscernibles: if two objects 
appear to be the very same thing, then assume, ceteris paribus 
and allowing for "reasonable" changes in location between obser- 
vations, that they are the very same thing. In a world in which 
Baillargeon's (2008) principle of persistence held universally for 
properties other than location, and in which indiscernible dupli- 
cates of objects did not exist, this operationalized version of 
Leibniz's Law would be not just a convenient heuristic, but an 
actual solution to the problem of object re-identification: the 
same collection of properties would always indicate the same 
object, and any differences in observed properties would indicate 
a different object. Even in the world of the infant, however, 
object properties do sometimes change between observations, and 
indiscernible duplicates, particularly of manufactured artifacts, 
do exist. At least by the pre-school years, children supplement 
Leibniz's Law with information about the history of an object 
between perceptual encounters when making judgments about 
identity. Gutheil et al. (2008), for example, showed that 4 and 
5-year olds can employ historical information to distinguish 
between otherwise-indiscernible artifacts, while both Hood and 
Bloom (2008) and Frazier and Gelman (2009) showed that 
4-year-olds incorporate information about an object's history 
into judgments of its value. Such results, together with a broad 
variety of studies of adult object re-identification (reviewed by 
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Rips et al, 2006; Bullot and Rysiew, 2007; Scholl, 2007; Xu, 
2007; Flombaum et al., 2008) and consideration of relevant neu- 
roscience (reviewed by Eichenbaum et al., 2007; Martin, 2007; 
Bubic et al., 2010; Zimmer and Ecker, 2010), suggest that the 
incorporation of historical and hence causal information is obli- 
gate in human object re-identification (Fields, 2012a). As the 
histories of objects while they are not observed are typically 
unknown, the causal histories typically employed in object re- 
identification across significant gaps in observation are fictive: 
they must be constructed, on demand, whenever an object is 
re-identified. 

Functional neuroimaging studies suggest that the pre-motor 
action planning system, including areas of inferior (IPL) and 
superior (SPL) parietal lobules activated by observed actions 
and motions respectively, is involved in the construction of such 
fictive causal histories (FCHs; for a review of relevant stud- 
ies see Fields, 2012a). These parietal areas support perception- 
action mirroring and are components of the MNS as broadly 
conceived (e.g., Cattaneo and Rizzolatti, 2009). As discussed 
in the Section, Action Recognition and Imitation in Infancy 
above, at least some components of this system appear to be 
functional from early infancy, and to support imitation in par- 
ticular. Hence it seems plausible to consider FCH construction 
as an architecturally-specified function of the action-planning 
system, including its mirror components, from early infancy 
onwards. The construction of FCHs can, in other words, be 
expected to implement the "principle of persistence" for objects 
that remain unobserved for more than a few seconds from infancy 
onwards. 

MECHANISM-DRIVEN CAUSATION AS AN OBLIGATE 
ANALOG OF AGENCY 

As reviewed in the Section, Development of Mechanism-Based 
Causal Reasoning in Childhood above, children begin to develop 
an understanding of hidden, internal causes (e.g., batteries) and 
of non-contact or non-mechanical causes (e.g., remote controls, 
wires) only during the pre-school years, and only robustly during 
the late pre-school years. Prior to that, all autonomous or hidden 
causation — all causation other than observed contact mechanical 
causation — is attributed exclusively to agents. The construction 
of FCHs requires the representation of unobserved causes; hence 
the only causes that can be represented by FCHs constructed to 
re-identify objects prior to the development of an understanding 
of hidden, non-contact, or non-mechanical causes are agentive 
causes. Every change in location or features of a re-identified 
object can be expected, therefore, to be associated with some 
causal agent by the very FCH employed to re-identify that object. 
If this is correct, such explanations as "someone put it there", 
"someone took my toy" or "someone changed the doll's clothes" 
are not just typical explanations for change in the infant and 
early-pre-school worlds, they are the only possible explanations 
for changes. Absent the ability to construct a representation of a 
causal agent, which may well be an unknown "someone", change 
cannot be represented by an FCH and hence is not perceptible: 
without a causal agent to alter an object's location or features, 
the altered object can only be perceived as a different entity. 
It has been suggested, on the basis of this model of object 



re-identification as involving obligate FCH construction, that an 
inability to construct agent-driven FCHs and hence an inability 
to re-identify objects — including other human beings — across 
gaps in observation may explain the typical social, linguistic, and 
attentional presentations of autism spectrum disorders (ASDs; 
Fields, 2012a,c). 

If the human bias toward agency is embedded in the very 
mechanism of object re-identification as proposed here, how can 
the bias be overridden? How can adults, let alone 4-year-olds, 
come to realize that inanimate objects can change their own 
locations, or change their own features, without the intervention 
of any agent of any kind? How can anyone, for example, come 
to the realization that hurricanes are not directed toward their 
destinations by gods? If the model of object re-identification as 
involving obligate FCH construction is correct, this can only 
occur if (1) a mechanism represented as contained within or asso- 
ciated with the object itself inferentially replaces the otherwise- 
obligate external agent in an FCH constructed to re-identify the 
object; and (2) this mechanism-based FCH out-competes any 
agent-based FCH as a basis for further inferences about the object. 
A hurricane must, for example, be represented as containing 
mechanisms that, by suitable interactions with the hurricane's 
environment, move it along a particular trajectory as a self- 
propelled but inanimate object, and this representation must 
out-compete representations of the hurricane as moved along its 
trajectory by some external agent. This can only happen if two 
conditions are met. First, the pre-motor planning system, and 
in particular its mirror components, must be able to represent 
inanimate objects as autonomous causes, at least within particular 
kinds of contexts, of their own motions and featural changes. 
Second, either the mechanism-based FCH itself or other repre- 
sentations activated during the course of object re -identification 
must suppress competing agent-based FCHs. The remainder of 
this section focuses on the construction of mechanism-based 
FCHs; the conditions under which such FCHs can override the 
bias toward agency are considered in the Section, Overriding the 
Bias Toward Agency. 

The function of the MNS within the visuo-motor system 
is to connect seeing and doing: to re-represent a 3rd person 
perspective on an action as a 1st person perspective. Typically- 
developing human beings cannot help but view familiar goal- 
directed actions such as grasping a coffee cup as intentional 
when they are performed by other humans, it has been claimed 
(e.g., Gallese, 2007), because their MNSs map observed actions 
to goal-oriented intentions. Such inferred intentions may be 
experienced only as attributions to the observed actor; what is 
important is that they are available, un- or pre-consciously, for 
further inferences about the observed agent's goals or future 
behavior. It is the failure of this action-to-intention mapping 
in ASDs — at least for actions without perceptible mechanical 
consequences — that motivates the "broken mirrors" hypoth- 
esis for ASD (Iacoboni and Dapretto, 2006; Oberman and 
Ramachandran, 2007). The plasticity of the MNS on its input 
side enables the bias toward agency by enabling the mapping of 
observed non-biological motions to representations of 1st person 
actions and their typically-accompanying intentions, and hence 
the representation of inanimate non-agents as agents (Catmur 



Frontiers in Human Neuroscience 



www.frontiersin.org 



August 2014 | Volume 8 | Article 597 | 7 



Fields 



Motion, identity and the bias toward agency 



et al, 2007; Heyes, 2010, 2012). It is this mapping that presum- 
ably implements the "irresistible" perception of certain motions 
as indicative of agency, even if they are executed by animated 
geometrical shapes (Scholl and Tremoulet, 2000; Scholl and Gao, 
2013). 

The pre-motor representation of action does not, however, 
only involve intention; it also, and from the standpoint of exe- 
cuting a planned action, it primarily involves a representation 
of the directed muscular effort required to successfully complete 
the action. Directed muscular effort is the intuitive human rep- 
resentation of applied force; the force required to pull or push 
something is just the directed muscular effort required to pull 
or push it. The mapping from applied effort to achieved results 
is learned by actively and experimentally manipulating objects, 
beginning in early infancy; a correct representation of the applied 
effort required to execute a motion is what makes imitation, for 
example, possible. By constructing a pre-motor representation 
of an observed action, the MNS associates the observed action 
with a felt sense of applied effort. The actions of other agents, 
and of other entities interpreted by the MNS as agents, are 
therefore represented not just as intentional but also as effortful, 
as transferring effective force. This feeling that force has been 
transferred is as irresistible as the sense of agency in animations 
that depict collisions between simple geometric shapes. 

In order to plan novel manipulations, the pre-motor system 
must perform a particular kind of inference: it must predict, on 
the basis of representations of the object to be manipulated, the 
motion desired and past experience manipulating similar objects, 
a representation of the applied force required to achieve the 
desired motion. To produce an effective motor plan, such force- 
motion scaling must be quantitatively correct. Inferences that 
preserve relations between the represented components of distinct 
situations or events are structure mappings (Centner, 1983); 
three decades of experimental and computer simulation work 
have shown that structure mappings are the underlying drivers 
of analogical inferences (reviewed by Markman and Centner, 
2001; Centner, 2003; Holyoak, 2005). It has been shown, by an 
analysis of the mechanisms involved in tool improvisation in both 
humans and non-human animals, that the force-motion scaling 
inferences performed by the pre-motor action planning system 
are structure mappings, and can therefore be considered to be 
analogies (Fields, 2011a). As visual imagination is implemented 
by excitations of the same intermediate visual and visuo-motor 
pathways as visual perception (reviewed by Kosslyn et al., 2006; 
Moulton and Kosslyn, 2009), any event that can be visualized 
can be used as input to a structure mapping inference by the 
human pre-motor action planning system. Functional imaging 
studies indicate that pre-motor force-motion scaling imple- 
ments structure-mapping analogies both in abstract but visual- 
izable domains involving forces and motions (Fields, 2012b) and 
in formal domains representing metaphorical motions (Fields, 
2013b). 

Structure-mapping analogy provides an inferential mecha- 
nism by which hidden, remote, or non-mechanical causes can 
replace agency as generators of observed actions. Once a situ- 
ation in which batteries, remote controls, electrical wires, car 
engines or other such mechanisms has been observed to cause 



motion or feature changes is available in memory, it becomes 
available as a base case for analogy; seeing that batteries can 
make a toy car go, for example, makes it possible to suppose 
not only that batteries make other things go, but that other 
inanimate objects somewhat like batteries might make things 
go. For such analogies to be implemented by the pre-motor 
planning system as components of FCH construction, their base 
cases must be represented in a modality that is available to this 
system, e.g., as a visual imagination. That multiple perceptual and 
imaginative modalities can excite visuo-motor representations in 
adults is well-established in the case of tools and their typical 
uses (reviewed by Lewis, 2006); the results of Loewenstein and 
Gentner (2005) indicating that exposure to words naming spa- 
tial relations facilitates visuo-spatial reasoning in pre-schoolers 
suggests that such cross-modal connections are available at the 
developmental stages of interest here. As the construction of an 
FCH is always the representation of an unobserved causal event, 
FCH construction always involves structure mapping, even if 
the mapping is as simple as replacing the initial and final states 
of an episodic memory of an extended causal event with the 
initial and final states of an otherwise-unobserved history (Fields, 
2012a). The availability of imagined internal or remote mecha- 
nisms to pre-motor structure mapping makes them, therefore, 
available to pre-motor FCH construction. Visuo-motor imagi- 
nation is crucial to this pathway; the incorporation of never- 
observed internal or remote mechanisms into FCHs would be 
predicted, on this model, not to occur prior to the age at 
which such mechanisms could be imagined either visually or 
verbally. The development of mechanistic reasoning capabilities 
in the pre-school years, and not before, is consistent with this 
prediction. 

OVERRIDING THE BIAS TOWARD AGENCY 

The considerations reviewed above allow the formulation of a 
succinct mechanistic model of the bias toward agency. Human 
infants are born with or rapidly develop abilities to segregate 
objects from their backgrounds and to re-identify objects as the 
same individual, persistent things over relatively short gaps in 
observation. They are also born with or rapidly develop an MNS- 
mediated ability to represent some observed objects — particularly 
animate objects such as human beings or other animals — as 
agents and to represent their actions as intentional or goal- 
directed. Agents move themselves and alter their own features; 
even inanimate objects that move themselves and alter their own 
features are, unless their actions are highly predictable, typically 
regarded as agents. Early experience moving and altering passive 
inanimate objects, and observing other people moving and alter- 
ing passive inanimate objects, permits the construction, by the 
developing pre-motor system, of FCHs that account for changes 
in the locations and features of such objects, and hence allows 
the re-identification of such objects as the same individual things 
across arbitrarily-long gaps in observation. These FCHs attribute 
the motions and featural changes of passive inanimate objects to 
external agents; hence every re-identification of such an object 
after a gap in observation associates any observed changes in 
the location or features of that object with some agent, even if 
that agent is an unknown "someone". Infants, therefore, have an 
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unavoidable bias towards agency; agency is invoked whenever 
they re-identify an object. 

It is important to emphasize that the invocation of agency 
required by the above model is not in general conscious. Objects 
are typically re-identified within the time required for conscious 
awareness; hence FCH construction is in most cases — and for 
preverbal infants, arguably in all cases — an un- or pre-conscious 
cognitive activity. Infants are, therefore, not predicted to be aware 
of the FCHs they construct, aware of the agents that they represent 
within these FCHs, or even aware of the process of re-identifying 
an object. The bias toward agency is, in this model, an automatic, 
unconscious bias. 

Because the bias toward agency is embedded in the process 
of object re-identification, it is to be expected that it would 
survive into and through adulthood. What demands explana- 
tion, in this model, is not why the bias toward agency sur- 
vives, but rather how the bias toward agency could ever be 
overridden. The model is, therefore, consistent with the obser- 
vation that in some human cultures the bias toward agency 
is overridden only rarely or in particular circumstances. The 
model is, in particular, consistent with the ubiquity of culturally- 
acknowledged supernatural explanations for many phenomena 
involving changes in the locations or properties of inanimate 
objects, even ones that might otherwise appear trivial. What 
is anomalous within the model is the existence of individu- 
als or (sub) cultures in which the behaviors of objects that are 
not obvious social agents — typically, people or other animals — 
are routinely explained in terms of non-agentive internal or 
external mechanisms. The model predicts that such individuals 
must have had, and such (sub)cultures must widely provide, 
"discovery" experiences that reveal the workings of previously- 
hidden mechanisms. It predicts that such individuals must exe- 
cute particular kinds of inferences — structure mappings — that 
replace agentive causes with mechanistic causes for both observed 
and unobserved events. It also predicts that, at least in some 
cases, the construction of such alternative, mechanism-based 
FCHs is accompanied by the suppression of competing agent- 
based FCHs. It predicts, in other words, that mere factual knowl- 
edge of mechanistic causes is not enough; such causes must 
be incorporated into the routine, largely unconscious process- 
ing that subserves object re-identification in order to become 
effective. 

The current model is, therefore, prima facie inconsistent with 
the idea that human beings are, in population average, "balanced" 
between mentalizing and systemizing, as suggested by research 
carried out with survey instruments such as the empathizing- 
systemizing quotient (EQ-SQ) developed by Baron-Cohen and 
colleagues (Baron-Cohen et al., 2003; Goldenfeld et al., 2005; 
Nettle, 2007). The EQ and SQ instruments do not, however, 
measure problem solving outcomes, and do not directly mea- 
sure problem-solving style. Many of the proposed responses, 
for example "I prefer to read non-fiction than fiction" or "I 
make it a point of listening to the news each morning" mea- 
sure activity preferences (Baron-Cohen et al., 2003, p. 368). 
While the relatively high SQ scores of scientists, technologists, 
engineers and mathematicians tested (Baron-Cohen, 2008) sug- 
gest that the SQ instrument indirectly measures systemizing 



ability, similar results correlating EQ score with empathizing 
ability, in the strict sense of empathizing accuracy, are not 
available. Very high EQ scores have, indeed, been shown in 
some cases to correlate with self-reports of symptomatic psy- 
chosis (Brosnan et al., 2010), while very high SQ scores cor- 
relate with ASD. The "balance" between EQ and SQ scores in 
the general population may, therefore, reflect a survey design 
that emphasizes personality and social-interaction characteris- 
tics, not actual problem-solving strategies. Many "balanced" 
individuals may nonetheless be biased toward attributions of 
agency, particularly when under stress or faced with unantici- 
pated or extreme events. The results of Kelemen et al. (2013) 
indicate, moreover, that while the bias toward agency can be 
overridden, it is not extinguished even in professional physi- 
cal scientists, individuals who would be expected to have very 
high SQ. 

The current model predicts that individuals can override the 
bias toward agency, and hence develop systemizing skills includ- 
ing the ability to discover previously-hidden causal mechanisms, 
only if they have both appropriate learning experiences and 
well-developed structure-mapping abilities. Mere exposure to the 
behavior of inanimate mechanisms, or even to hidden parts such 
as batteries that have causal power, is unlikely to be sufficient for 
learning; as is often emphasized in relation to classroom learning 
(e.g., Pintrich et al., 1993), a rich environment in which both 
complex behaviors executed by mechanisms and the parts causally 
responsible for such behaviors are made both observationally 
and motivationally salient can be expected to be necessary. The 
SQ instrument arguably measures the extent to which causal 
mechanisms are salient to an individual; high SQ scores can, 
therefore, be expected to be predictive of an enhanced ability to 
learn systemizing skills. While structure-mapping or analogical 
reasoning ability is widely acknowledged as central to general 
intelligence (e.g., Gentner, 2003) and is typically measured as 
a component of general intelligence, specific tests of structure- 
mapping ability, especially for use in young children, have yet to 
be developed. 

The model of the bias toward agency that is proposed here 
can be tested on a number of different levels. It is not clear, for 
example, how young children categorize objects such as batteries, 
remote controls or wires; were it shown that children routinely 
categorized such objects as agents, the present model would 
require revision. A version of the EQ-SQ instrument designed 
for evaluating children as young as 4 years has been developed 
(Auyeung et al., 2009). The current model would predict a positive 
correlation between childhood SQ, visual imaginative ability, and 
performance on tasks probing understanding of mechanisms such 
as those employed by Sobel et al. (2007) or Sobel and Buchanan 
(2009) with pre-schoolers. A positive correlation is similarly 
predicted between any of the above measures and a focused 
measure of pre-school analogical reasoning ability. A finding of 
no or negative correlations between any of these measures would 
cast doubt on the central mechanistic claim of the model, the 
claim that attributions of mechanism-based causation require 
imagination-dependent structure mapping. 

A second sensitive test would be achieved by combining 
the experimental designs of Gutheil et al. (2008) and Hood 
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and Bloom (2008). Both designs require pre-school subjects to 
re-identify one of two identically-featured objects. In the design 
of Gutheil et al. (2008), a human experimenter carries one of 
the objects out of the room and then back in; the subject's task 
is to recognize that this agent-executed causal process preserves 
object identity. In the design of Hood and Bloom (2008), the 
experimenter is replaced by a "copying machine" into which one 
of the objects is put; in this case, the subject's task is to distinguish 
the original object from the "copy". Interleaving actions on the 
two objects by the experimenter and by the machine would 
test subject's abilities to construct FCHs that incorporate both 
mechanisms and agents as either preservers or disruptors of object 
identity. Such a test would be rendered more stringent by adding 
an unobserved process, carried out either by the experimenter or 
the machine, that produced featural changes to the object meant 
to be recognized as "the same thing". Performance on these re- 
identification tests would be expected to correlate with childhood 
SQ score as discussed above. 

Direct tests of pre-motor involvement in object re- 
identification are complicated by the commonly-observed 
activation of the pre-motor system during episodic recall 
(Moscovitch, 2008; Ranganath, 2010) and task-specific attention 
(Cabeza et al., 2008; Uncapher and Wagner, 2009; Ranganath, 
2010). However, consistent activation of SPL over IPL during 
object re-identifications requiring mechanism-driven causation 
and of IPL over SPL during object re-identifications requiring 
agency-driven causation would lend credence to the model 
(Fields, 2012a). Correlation of higher activation of SPL with 
higher SQ, and of higher IPL activation with higher EQ, would 
also tend to confirm the model. As the model relies on the 
attribution of agency being a default strategy implemented by 
the pre-motor system, further tests of this assumption would test 
the model. Targeted suppression of activity in temporal-parietal 
junction (TPJ) by transcranial magnetic stimulation (TMS), 
for example, would be expected to bias subjects in favor of 
mechanistic models of causation. Specific suppression of the 
"wolfpack effect" (Scholl and Gao, 2013) by TMS to TPJ, for 
example, would tend to confirm the model. A replication of the 
explanation-validity judgment test of Kelemen et al. (2013) using 
either fMRI, where enhanced IPL over SPL activation would be 
expected on time-limited trials, or TMS to TPJ would also test 
the model. 

CONCLUSION 

The developmental and neurocognitive considerations discussed 
here suggest that the human bias toward agency is encoded in the 
pre-motor mechanisms that enable object re-identification across 
gaps in observation, and that overriding it requires the construc- 
tion, again by the pre-motor system, of structure-mapping analo- 
gies that replace agents with mechanisms as generators of action. 
Whether this human mechanism for object re-identification is a 
result of selective pressure for a "social brain" is unknown; both 
studies of MNS function (Nassi and Callaway, 2009) and studies 
of object re-identification (Munakata et al., 2001; Flombaum 
et al., 2008) in non-human primates indicate broad similarities 
with human capabilities. It is possible, however, that the devel- 
opment of agentive reasoning and hence of social brains is itself 



driven, at least in part, by selective advantages conferred by the 
ability to re-identify objects as individuals. While memory for 
places has been extensively studied even in non-primates (e.g., 
Gould et al., 2010) and many animals are known to mate for 
life, little in general is known about the evolutionary origins 
of memory for individual objects. Specific studies of the re- 
identification of inanimate objects, such as stones or other items 
used as tools, by both non-human primates and other animals 
would contribute to understanding the evolutionary history of 
human object re-identification capabilities. Studies addressing the 
ability of non-human animals to re-identify individual objects 
after hidden manipulations of their locations or salient features 
would be particularly revealing. 

On a more general note, the cultural history of the human 
species, particularly over the past 500 years, is a history of 
progressive challenges to the assumption, whether implicit and 
architectural or explicit and cultural, that all autonomous cau- 
sation involves agency. The bias toward agency is clearly econom- 
ically significant in cultures heavily invested in, and dependent 
upon, technological capabilities. It is also politically significant, as 
demonstrated not only by the historic and contemporary roles of 
religion in politics, but also by studies linking low SQ to reasoning 
deficits such as "jumping to conclusions" (Brosnan et al, 2013). 
Understanding the neurocognitive mechanisms underlying the 
bias toward agency, its maintenance in the face of experience, 
and the experiential and cognitive requirements for overriding 
it may, therefore, prove to be of broad significance for human 
culture. 

ACKNOWLEDGMENTS 

Thanks to the two reviewers of an earlier version for their 
comments. 

REFERENCES 

Adolphs, R. (2003). Cognitive neuroscience of human social behavior. Nat. Rev. 

Neurosci 4, 165-178. doi: 10.1038/nrnl056 
Adolphs, R. (2009). The social brain: neural basis for social knowledge. Annu. Rev. 

Psychol. 60, 693-716. doi: 10.1146/annurev.psych.60. 110707.163514 
Aslin,R. N. (2007). What's in a look? Dev. Sci. 10, 48-53. doi: 10.1 111/j. 1467-7687. 

2007.00563.x 

Auyeung, B., Wheelwright, S., Allison, C, Atkinson, M., Samarawickrema, N., and 
Baron-Cohen, S. (2009). The children's empathy quotient and systemizing quo- 
tient: sex differences in typical development and in autism spectrum conditions. 
/. Autism Dev. Disord. 39, 1509-1521. doi: 10.1007/sl0803-009-0772-x 

Baillargeon, R. (2008). Innate ideas revisited: for a principle of persistence in 
infants' physical reasoning. Perspect. Psychol. Sci. 3, 2-13. doi: 10.1111/j.l745- 
6916.2008.00056.x 

Baillargeon, R., Li, J., Gertner, Y, and Wu, D. (2011). "How do infants reason 
about physical events?" in The Wiley- Blackwell Handbook of Child Cognitive 
Development, ed U. Goswami 2nd Edn. {Oxford: Blackwell), 11—48. 

Baillargeon, R., Stavans, M., Wu, D., Gertner, Y., Setoh, P., Kittredge, A. K., et al. 
(2012). Object individuation and physical reasoning in infancy: an integrative 
account. Lang. Learn. Dev. 8, 4-46. doi: 10.1080/15475441.2012.630610 

Bardi, L., Regolin, L., and Simion, F. (2011). Biological motion preference in 
humans at birth: role of dynamic and configural properties. Dev. Sci. 14, 353- 
359. doi: 10.1111/j.l467-7687.2010.00985.x 

Baron-Cohen, S. (2002). The extreme male brain theory of autism. Trends Cogn. 
Sci. 2, 248-254. doi: 10.1016/sl364-6613(02)01904-6 

Baron-Cohen, S. (2008). Autism, hyper systemizing and truth. Q. /. Exp. Psychol. 
(Hove) 61, 64-75. doi: 10.1080/17470210701508749 

Baron-Cohen, S., Richler, J., Bisarya, D., Gurunathan, N., and Wheelwright, S. 
(2003). The systemizing quotient: an investigation of adults with Asperger 



Frontiers in Human Neuroscience 



www.frontiersin.org 



August 2014 | Volume 8 | Article 597 | 10 



Fields 



Motion, identity and the bias toward agency 



syndrome or high-functioning autism and normal sex differences. Philos. Trans. 

R. Soc. Lond. B Biol. Sci. 358, 361-374. doi: 10.1098/rstb.2002.1206 
Biro, S., and Leslie, A. M. (2007). Infants' perception of goal-directed actions: 

development through cue-based bootstrapping. Dev. Sci. 10, 379-398. doi: 10. 

1 1 1 l/j.l467-7687.2006.00544.x 
Bloom, P. (2007). Religion is natural. Dev. Sci. 10, 147-151. doi: 10. 1 1 1 1467- 

7687.2007.00577.x 

Boyer, R, and Bergstrom, B. (2008). Evolutionary perspectives on religion. 
Annu. Rev. Anthwpol. 37, 111-130. doi: 10.1146/annurev.anthro.37.081407. 
085201 

Boyer, T. W., Pan, J. S., and Bertenthal, B. I. (2011). Infants' understanding of 

actions performed by mechanical devices. Cognition 121, 1-11. doi: 10.1016/j. 

cognition.201 1.05.012 
Bremner, J. G. (2011). Four themes from 20 years of research on infant perception 

and cognition. Infant Child Dev. 20, 137-147. doi: 10.1002/icd.723 
Bremner, J. G., Johnson, S. P., Slater, A., Mason, U., Cheshire, A., and Spring, J. 

(2007). Conditions for young infants' failure to perceive trajectory continuity. 

Dev. Sci. 10, 613-624. doi: 10.1111/j.l467-7687.2007.00616.x 
Bremner, J. G., Johnson, S. P., Slater, A., Mason, U., Foster, K., Cheshire, A., et al. 

(2005). Conditions for young infants' perception of object trajectories. Child 

Dev. 76, 1029-1043. doi: 10.1111/j.l467-8624.2005.00895.x 
Brosnan, M., Ashwin, C, and Gamble, T. (2013). Greater empathizing and 

reduced systemizing in people who show a jumping to conclusions bias in 

the general population: implications for psychosis. Psychosis 5, 71-81. doi: 10. 

1080/17522439.2011.626526 
Brosnan, M., Ashwin, C, Walker, I., and Donaghue, J. (2010). Can an 'Extreme 

Female Brain' be characterised in terms of psychosis? Pers. Individ. Dif. 49, 738- 

742. doi: 10.1016/j.paid.2010.06.018 
Bubic, A., von Cramon, D. Y., and Schubotz, R. I. (2010). Prediction, cognition and 

the brain. Front. Hum. Neurosci. 4:25. doi: 10.3389/fnhum.2010.00025 
Buchanan, D. W., and Sobel, D. M. (2011). Mechanism-based causal reasoning 

in young children. Child Dev. 82, 2053-2066. doi: 10.1 1 1 l/j.1467-8624.201 1. 

01646.x 

Bullot, N. J., and Rysiew, P. (2007). A study in the cognition of individuals' 

identity: solving the problem of singular cognition in object and agent tracking. 

Conscious. Cogn. 16, 276-293. doi: 10.1016/j.concog.2006.09.006 
Cabeza, R., Ciaramelli, E., Olson, I. R., and Moscovitch, M. (2008). The parietal 

cortex and episodic memory: an attentional account. Nat. Rev. Neurosci. 9, 613— 

625. doi: 10.1038/nrn2459 
Casile, A., Caggiano, V., and Ferrari, P. F. (201 1). The mirror neuron system: a fresh 

view. Neuroscientist 17, 524-538. doi: 10.1177/1073858410392239 
Catmur, C, Walsh, V., and Heyes, C. (2007). Sensorimotor learning configures 

the human mirror system. Curr. Biol. 17, 1527-1531. doi: 10.1016/j.cub.2007. 

08.006 

Cattaneo, L., and Rizzolatti, G. (2009). The mirror neuron system. Arch. Neurol. 66, 

557-560. doi: 10.1001/archneurol.2009.41 
Cicchino, J. B., Aslin, R. N., and Rakison, D. H. (2011). Correspondences between 

what infants see and know about causal and self-propelled motion. Cognition 

118, 171-192. doi: 10.1016/j.cognition.2010.11.005 
Cook, R., Bird, G., Catmur, C, Press, C, and Heyes, C. (2014). Mirror 

neurons: from origin to function. Behav. Brain Sci. 37, 177-192. doi: 10. 

1017/S0140525X13000903 
Csibra, G. (2008). Goal attribution to inanimate agents by 6.5-month-old infants. 

Cognition 107, 705-717. doi: 10.1016/j.cognition.2007.08.001 
Csibra, G., and Gergely, G. (2012). "Teleological understanding of actions," in 

Navigating the Social World: What Infants, Children and Other Species Can Teach 

Us, eds M. R. Banaji and S. A. Gelman (Oxford: Oxford University Press), 

38-43. 

Del Giudice, M., Manera, V., and Keysers, C. (2009). Programmed to learn? The 
ontogeny of mirror neurons. Dev. Sci. 12, 350-363. doi: 10. 1 1 1 1/j. 1467-7687. 
2008.00783.x 

di Pellegrino, G., Fadiga, L., Fogassi, L., Gallese, V., and Rizzolatti, G. (1992). 
Understanding motor events: a neurophysiological study. Exp. Brain Res. 91, 
176-180. doi: 10.1007/bf00230027 

Dunbar, R. I. M., and Shultz, S. (2007). Evolution in the social brain. Science 317, 
1344-1347. doi: 10.1126/science.ll45463 

Dunbar, R. I. M. (2003). The social brain: mind, language and society in evolu- 
tionary perspective. Annu. Rev. Anthropol. 32, 163-181. doi: 10.1146/annurev. 
anthro.32.061002.093158 



Eichenbaum, H., Yonelinas, A. R., and Ranganath, C. (2007). The medial temporal 
lobe and recognition memory. Annu. Rev. Neurosci. 30, 123-152. doi: 10. 
1 146/annurev.neuro.30.05 1606.094328 

Engel, A., Burke, M., Fiehler, K., Bien, S., and Rosier, F. (2007). How moving 
objects become animated: the human mirror system assimilates non-biological 
movement patterns. Soc. Neurosci. 3, 368-387. doi: 10.1080/174709107 
01612793 

Fields, C. (2011a). Implementation of structure-mapping inference by event-file 

binding and action planning: a model of tool-improvisation analogies. Psychol. 

Res. 75, 129-142. doi: 10.1007/s00426-010-0290-7 
Fields, C. (2011b). Trajectory recognition as the basis for object individuation: a 

functional model of object file instantiation and object-token encoding. Front. 

Psychol. 2:49. doi: 10.3389/fpsyg.201 1.00049 
Fields, C. (2011c). From "Oh, OK" to "Ah, yes" to "Aha!": hyper- systemizing and 

the rewards of insight. Pers. Individ. Dif. 50, 1159-1167. doi: 10.1016/j.paid. 

2011.02.010 

Fields, C. (2012a). The very same thing: extending the object token concept to 
incorporate causal constraints on individual identity. Adv. Cogn. Psychol. 8, 234- 
247. doi: 10.2478M0053-008-0119-8 

Fields, C. (2012b). Motion as manipulation: implementation of force-motion 
analogies by event-file binding and action planning. Cogn. Process. 13, 231-241. 
doi: 10.1007/sl0339-012-0436-l 

Fields, C. (2012c). Do autism spectrum disorders involve a generalized object 
categorization and identification dysfunction? Med. Hypotheses 79, 344-351. 
doi: 10.1016/j.mehy.2012.05.032 

Fields, C. (2013a). The principle of persistence, leibniz's law and the computational 
task of object re-identification. Hum. Dev. 56, 147-166. doi: 10.1159/000350206 

Fields, C. (2013b). Metaphorical motion in mathematical reasoning: further evi- 
dence for pre-motor implementation of structure mapping in abstract domains. 
Cogn. Process. 14, 217-229. doi: 10.1007/sl0339-013-0555-3 

Flombaum, J. I., Scholl, B. J., and Santos, L. R. (2008). "Spatiotemporal priority 
as a fundamental principle of object persistence," in The Origins of Object 
Knowledge, eds B. Hood and L. Santos (Oxford: Oxford University Press), 
135-164). 

Frazier, B. N., and Gelman, S. A. (2009). Developmental changes in judgments 
of authentic objects. Cogn. Dev. 24, 284-292. doi: 10.1016/j.cogdev.2009. 
06.003 

Gallese, V. (2007). Before and below 'theory of mind': embodied simulation and 
the neural correlates of social cognition. Philos. Trans. R. Soc. Lond. B Biol. Sci. 
362, 659-669. doi: 10.1098/rstb.2006.2002 

Gallese, V., Gernsbacher, M. A., Heyes, C, Hickok, G., and Iacoboni, M. 
(2011). Mirror neuron forum. Perspect. Psychol. Sci. 6, 369-407. doi: 10. 
1177/1745691611413392 

Gao, T, McCarthy, G., and Scholl, B. J. (2010). The wolfpack effect: perception of 
animacy irresistibly influences interactive behavior. Psychol. Sci. 21, 1845-1853. 
doi: 10.1177/0956797610388814 

Gelman, S. A., and Legare, C. H. (2011). Concepts and folk theories. Annu. Rev. 
Anthropol. 40, 379-398. doi: 10.1146/annurev-anthro-081309-145822 

Gentner, D. (1983). Structure-mapping: a theoretical framework for analogy. Cogn. 
Sci. 7, 155-170. doi: 10.1207/sl5516709cog0702_3 

Gentner, D. (2002). "Mental models, psychology of," in International Encyclope- 
dia of the Social and Behavioral Sciences, eds N. J. Smelser and P. B. Bates 
(Amsterdam: Elsevier), 9683-9687. 

Gentner, D. (2003). "Why we're so smart," in Language and Mind: Advances in 
the Study of Language and Thought, eds D. Gentner and S. Goldin-Meadow 
(Cambridge, MA: MIT Press), 195-235. 

Goldenfeld, N., Baron-Cohen, S., and Wheelwright, S. (2005). Empathizing and 
systemizing in males, females and autism. Clin. Neuropsychiatry 2, 338-345. 

Gould, K. L., Kelly, D. M., and Kamil, A. C. (2010). What scatter- hoarding animals 
have taught us about small-scale navigation. Philos. Trans. R. Soc. Lond. B Biol. 
Sci. 365, 901-914. doi: 10.1098/rstb.2009.0214 

Gutheil, G., Gelman, S. A., Klein, E., Michos, K., and Kelaita, K. (2008). Preschool- 
ers' use of spatiotemporal history, appearance and proper name in determin- 
ing individual identity. Cognition 107, 366-380. doi: 10.1016/j. cognition. 2007. 
07.014 

Heider, E, and Simmel, M. (1944). An experimental study of apparent behavior. 

Am. /. Psychol. 57, 243-259. doi: 10.2307/1416950 
Henrich, J., Heine, S., and Norenzayan, A. (2010). The weirdest people in the world? 

Behav. Brain Sci. 33, 61-83. doi: 10.1017/S0140525X0999152X 



Frontiers in Human Neuroscience 



www.frontiersin.org 



August 2014 | Volume 8 | Article 597 | 11 



Fields 



Motion, identity and the bias toward agency 



Heyes, C. (2010). Where do mirror neurons come from? Neurosci. Biobehav. Rev. 

34, 575-583. doi: 10.1016/j.neubiorev.2009.11.007 
Heyes, C. (2012). Grist and mills: on the cultural origins of cultural learning. Philos. 

Trans. R. Soc. Lond. B Biol. Sci. 367, 2181-2191. doi: 10.1098/rstb.2012.0120 
Holyoak, K. (2005). "Analogy," in The Cambridge Handbook of Thinking and 

Reasoning, eds K. Holyoak and R. Morrison (Cambridge: Cambridge University 

Press), 117-142. 

Hood, B. M., and Bloom, P. (2008). Children prefer certain individuals over perfect 
duplicates. Cognition 106, 455-462. doi: 10.1016/j.cognition.2007.01.012 

Iacoboni, M., and Dapretto, M. (2006). The mirror neuron system and the conse- 
quences of its dysfunction. Nat Rev. Neurosci. 7, 942-951. doi: 10.1038/nrn2024 

Kamawari, K., Kato, M., Kanda, T., Ishiguro, H., and Hiraki, K. (2005). Six-and- 
a-half-month- old children positively attribute goals to human action and to 
humanoid-robot motion. Cogn. Dev. 20, 303-320. doi: 10.1016/j.cogdev.2005. 
04.004 

Kanakogi, Y., and Itakura, S. (2011). Developmental correspondence between 

action prediction and motor ability in early infancy. Nat. Commun. 2:341. 

doi: 10.1038/ncommsl342 
Karmiloff-Smith, A. (1995). Beyond Modularity: A Developmental Perspective on 

Cognitive Science. Cambridge, MA: MIT Press. 
Kelemen, D. (2004). Are children "intuitive theists"? Reasoning about purpose 

and design in nature. Psychol Sci. 15, 295-301. doi: 10.1111/j.0956-7976.2004. 

00672.x 

Kelemen, D. (2012). "Teleological minds: how natural intuitions about agency and 
purpose influence learning about evolution," in Evolution Challenges: Integrating 
Research and Practice in Teaching and Learning About Evolution, eds K. S. 
Rosengren, S. K. Brem, E. M. Evans and G. M. Sinatra (Oxford, UK: Oxford 
University Press), 66-92. 

Kelemen, D., Rottman, J., and Seston, R. (2013). Professional physical scientists 
display tenacious teleological tendencies: purpose-based reasoning as a cognitive 
default. /. Exp. Psychol. Gen. 142, 1074-1083. doi: 10.1037/a0030399 

Kosslyn, S. M., Thompson, W. L., and Ganis, G. (2006). The Case for Mental 
Imagery. New York: Oxford University Press. 

Kuhlmeier, A. A., Troje, N. E, and Lee, V. (2010). Young infants detect the direction 
of biological motion in point-light displays. Infancy 15, 83-93. doi: 10.1111/j. 
1532-7078.2009.00003.X 

Kushnir, T., and Gopnik, A. (2007). Conditional probability versus spatial contigu- 
ity in causal learning: preschoolers use new contingency evidence to overcome 
prior spatial assumptions. Dev. Psychol. 43, 186-196. doi: 10.1037/0012-1649. 
43.1.186 

Legare, C. H., Evans, E. M., Rosengren, K. S., and Harris, P. L. (2012). The coexis- 
tence of natural and supernatural explanations across cultures and development. 
Child Dev. 83, 779-793. doi: 10.1111/j.l467-8624.2012.01743.x 

Lewis, J. W. (2006). Cortical networks related to human use of tools. Neuroscientist 
12, 211-231. doi: 10.1177/1073858406288327 

Loewenstein, J., and Gentner, D. (2005). Relational language and the development 
of relational mapping. Cogn. Psychol. 50, 315-353. doi: 10.1016/j.cogpsych.2004. 
09.004 

Luo, Y, and Baillargeon, R. (2010). Toward a mentalistic account of early 

psychological reasoning. Curr. Dir. Psychol. Sci. 19, 301-307. doi: 10. 

1177/0963721410386679 
Luo, Y. (2011). Three-month-old infants attribute goals to a non-human agent. 

Dev. Set 14, 453-460. doi: 10.1111/j.l467-7687.2010.00995.x 
Luo, Y., Kaufman, L., and Baillargeon, R. (2009). Young infants' reasoning about 

physical events involving inert and self-propelled objects. Cogn. Psychol. 58, 441- 

486. doi: 10.1016/j.cogpsych.2008. 11.001 
Markman, A., and Gentner, D. (2001). Thinking. Annu. Rev. Psychol. 52, 223-247. 

doi: 10.1146/annurev.psych.52.1.223 
Marshall, P. J., and Meltzoff, A. N. (201 1 ). Neural mirroring systems: exploring the 

EEG mu rhythm in human infancy. Dev. Cogn. Neurosci. 1, 110-123. doi: 10. 

1016/j.dcn.2010.09.001 
Martin, A. (2007). The representation of object concepts in the brain. Annu. Rev. 

Psychol. 58, 25-45. doi: 10.1146/annurev.psych.57.102904.190143 
McCloskey, M. (1983). "Naive theories of motion," in Mental Models, eds D. 

Gentner and A. Stevens (Hillsdale, NJ: Erlbaum), 299-324. 
Moscovitch, M. (2008). The hippocampus as a "stupid", domain-specific module: 

implications for theories of recent and remote memory and of imagination. Can. 

J. Exp. Psychol. 62, 62-79. doi: 10.1037/1196-1961.62.1.62 



Moulton, S. T., and Kosslyn, S. M. (2009). Imagining predictions: mental imagery 

as mental emulation. Philos. Trans. R. Soc. Lond. B Biol. Sci. 364, 1273-1280. 

doi: 10.1098/rstb.2008.0314 
Munakata, Y, Santos, L. R., Spelke, E. S., Hauser, M. D., and O'Reilly, R. C. (2001). 

Visual representation in the wild: how rhesus monkeys parse objects. /. Cogn. 

Neurosci. 13,44-58. doi: 10.1162/089892901564162 
Nassi, J. J., and Callaway, E. M. (2009). Parallel processing strategies of the primate 

visual system. Nat. Rev. Neurosci. 10, 360-372. doi: 10.1038/nrn2619 
Needham, A., Dueker, G., and Lockhead, G. (2005). Infants' formation and use of 

categories to segregate objects. Cognition 94, 215-240. doi: 10. 1016/j. cognition. 

2004.02.002 

Nettle, D. (2007). Empathizing and systemizing: what are they and what do they 
contribute to our understanding of psychological sex differences? Br. J. Psychol. 
98, 237-255. doi: 10.1348/000712606x117612 

Nystrom, P., Ljunghammar, T., Rosander, K., and von Hofsten, C. (2011). Using mu 
rhythm perturbations to measure mirror neuron activity in infants. Dev. Sci. 14, 
327-335. doi: 10.1111/j. 1467-7687.2010.00979.X 

Oberman, L. M., and Ramachandran, V. S. (2007). The simulating social mind: the 
role of the mirror neuron system and simulation in the social and communica- 
tive deficits of autism spectrum disorders. Psychol. Bull. 133, 310-327. doi: 10. 
1037/0033-2909.133.2.310 

Paul, G. (2009). The chronic dependence of popular religiosity upon dysfunctional 
psychosociological conditions. Evol. Psychol. 7, 398-441. 

Paulus, M. (2012a). Action mirroring and action understanding: an ideomotor and 
attentional account. Psychol. Res. 76, 760-767. doi: 10.1007/s00426-011-0385-9 

Paulus, M. (2012b). Is it rational to assume that infants imitate rationally? A theo- 
retical analysis and critique. Hum. Dev. 55, 107-121. doi: 10.1159/000339442 

Pavlova, M. A. (2012). Biological motion processing as a hallmark of social 
cognition. Cereb. Cortexll, 981-995. doi: 10.1093/cercor/bhrl56 

Pintrich, P. R., Marx, R. W., and Boyle, R. A. (1993). Beyond cold concep- 
tual change: the role of motivational beliefs and classroom contextual factors 
in the process of conceptual change. Rev. Educ. Res. 63, 167-199. doi: 10. 
3102/00346543063002167 

Rakison, D. H., and Yermolayeva, Y. (2010). Infant categorization. Wiley Interdiscip. 
Rev. Cogn. Sci. 1, 894-905. doi: 10.1002/wcs.81 

Ranganath, C. (2010). A unified framework for the functional organization of the 
medial temporal lobes and the phenomenology of episodic memory. Hippocam- 
pus 20, 1263-1290. doi: 10.1002/hipo.20852 

Ray, E., and Heyes, C. (2010). Imitation in infancy: the wealth of the stimulus. Dev. 
Sci. 14, 92-105. doi: 10.1111/j. 1467-7687.2010.00961.X 

Rips, L. J., Blok, S., and Newman, G. (2006). Tracing the identity of objects. Psychol. 
Rev. 133, 1-30. doi: 10.1037/0033-295x.ll3.1.1 

Rizzolatti, G., and Matelli, M. (2003). Two different streams form the dorsal 
visual system: anatomy and functions. Exp. Brain Res. 153, 146-157. doi: 10. 
1007/s00221-003-1588-0 

Rizzolatti, G., and Sinigaglia, C. (2010). The functional role of the par ieto -frontal 
mirror circuit: interpretations and misinterpretations. Nat. Rev. Neurosci. 11, 
264-274. doi: 10.1038/nrn2805 

Rosset, E. (2008). It's no accident: our bias for intentional explanations. Cognition 
108, 771-780. doi: 10.1016/j.cognition.2008.07.001 

Rottman, J., and Kelemen, D. (2012). "In there such a thing as a Christian child? 
Evidence of religious beliefs in early childhood," in Science and the World's 
Religions, Vol. 1: Origins and Destinies, eds P. McNamara and W. Wildman (Santa 
Barbara, CA: Praeger Press), 205-238. 

Saxe, R., Carey, S., and Kanwisher, N. (2004). Understanding other minds: linking 
developmental psychology and functional neuroimaging. Annu. Rev. Psychol. 55, 
87-124. doi: 10.1146/annurev.psych.55.090902.142044 

Schiaffino, S., and Amandi, A. (2004). User-interface agent interaction: personal- 
ization issues. Int. /. Hum. Comput. Stud. 60, 129-148. doi: 10.1016/j.ijhcs.2003. 
09.003 

Scholl, B. J., and Gao, T. (2013). "Perceiving animacy and intentionality: visual 
processing or higher-level judgment?," in Social Perception: Detection and Inter- 
pretation of Animacy, Agency and Intention, eds M. D. Rutherford and V. A. 
Kuhlmeier (Cambridge, MA: MIT Press), 197-230. 

Scholl, B. J. (2007). Object persistence in philosophy and psychology. Mind Lang. 
22, 563-591. doi: 10.1111/j.l468-0017.2007.00321.x 

Scholl, B. J., and Tremoulet, P. (2000). Perceptual causality and animacy. Trends 
Cogn. Sci. 4, 299-309. doi: 10.1016/sl364-6613(00)01506-0 



Frontiers in Human Neuroscience 



www.frontiersin.org 



August 2014 | Volume 8 | Article 597 | 12 



Fields 



Motion, identity and the bias toward agency 



Schubotz, R., and von Cramon, D. Y. (2004). Sequences of abstract nonbiological 

stimuli share ventral premotor cortex with action observations and imagery. /. 

Neurosci. 24, 5467-5474. doi: 10.1523/jneurosci.ll69-04.2004 
Schubotz, R. I. (2007). Prediction of external events with our motor system: towards 

a new framework. Trends Cogn. Sci. 11,211-218. doi: 10.1016/j.tics.2007.02.006 
Segal, R. A. (2006). The Blackwell Companion to the Study of Religion. Oxford: 

Blackwell. 

Simion, R, Di Giorgio, E., Leo, I., and Bardi, L. (2011). The processing of social 

stimuli in early infancy: from faces to biological motion. Prog. Brain Res. 189, 

173-193. doi: 10.1016/B978-0-444-53884-0.00024-5 
Simion, R, Regolin, L., and Bulf, H. (2008). A predisposition for biological motion 

in the newborn baby. Proc. Natl. Acad. Sci. USA 105, 809-813. doi: 10. 

1073/pnas.0707021105 
Sobel, D. M., and Buchanan, D. W. (2009). Bridging the gap: causality-at-a-distance 

in children's categorization and inferences about internal properties. Cogn. Dev. 

24, 274-283. doi: 10.1016/j.cogdev.2009.03.003 
Sobel, D. M., and Munro, S. E. (2009). Domain generality and specificity in 

children's causal inference about ambiguous data. Dev. Psychol 45, 511-524. 

doi: 10.1037M0014944 
Sobel, D., Yoachim, C, Gopnik, A., Meltzoff, A., and Blumenthal, E. (2007). The 

blicket within: preschooler's inferences about insides and causes. /. Cogn. Dev. 8, 

159-182. doi: 10.1080/15248370701202356 
Southgate, V., Johnson, M. H., Osborne, T, and Csibra, G. (2009). Predictive motor 

activation during action observation in human infants. Biol. Lett. 5, 769-772. 

doi: 10.1098/rsbl.2009.0474 
Spelke, E. (1994). Initial knowledge: six suggestions. Cognition 50, 431-445. doi: 10. 

1016/0010-0277(94)90039-6 
Treisman, A. (2006). "Object tokens, binding and visual memory," in Handbook 

of Binding and Memory: Perspectives from Cognitive Neuroscience, eds H. D. 

Zimmer, A. Mecklinger and U. Lindenberger (Oxford: Oxford University Press), 

315-338. 

Turk-Browne, N. B., Scholl, B. J., and Chun, M. M. (2008). Babies and brains: 
habituation in infant cognition and functional neuroimaging. Front. Hum. 
Neurosci. 2:16. doi: 10.3389/neuro.09.016.2008 

Uncapher, M., and Wagner, A. D. (2009). Posterior parietal cortex and episodic 
encoding: insights from fMRI, subsequent memory effects and dual-attention 
theory. Neurobiol. Learn. Mem. 91, 139-154. doi: 10.1016/j.nlm.2008.10.011 

Vaden, V. C., and Woolley, J. D. (2011). Does God make it real? Children's belief in 
religious stories from the Judeo-Christian tradition. Child Dev. 82, 1120-1135. 
doi: 10.1111/j.l467-8624.2011.01589.x 



Virji-Babul, N., Rose, A., Moiseeva, N., and Makan, N. (2012). Neural correlates of 

action understanding in infants: influence of motor experience. Brain Behav. 2, 

237-242. doi: 10.1002/brb3.50 
Waytz, A., Gray, K., Epley, N., and Wegner, D. M. (2010). Causes and consequences 

of mind perception. Trends Cogn. Sci. 14, 383-388. doi: 10.1016/j.tics.2010. 

05.006 

Whitehead, C. (2001). Social mirrors and shared experiential worlds. /. Conscious. 
Stud. 8, 3-36. 

Woodward, A. L. (2009). Infants' grasp of others' intentions. Curr. Dir. Psychol. Sci. 

18, 53-57. doi: 10.1111/j.l467-8721.2009.01605.x 
Woodward, A. L., Somerville, J. A., Gerson, S., Henderson, A. M. E., and Buresh, J. 

(2009). "The emergence of intention attribution in infancy," in The Psychology 

of Learning and Motivation Vol. 51, ed B. Ross (Burlington: Academic Press), 

187-222. 

Woolley, J. D., Cornelius, C. A., and Lacy, W. (201 1). Developmental changes in the 
use of supernatural explanations for unusual events. /. Cogn. Cult. 11, 311-337. 
doi: 10.1163/156853711x591279 

Xu, F. (2007). Sortal concepts, object individuation and language. Trends Cogn. Sci. 
11, 400-406. doi: 10.1016/j.tics.2007.08.002 

Zimmer, H. D., and Ecker, U. K. D. (2010). Remembering perceptual features 
unequally bound in object and episodic tokens: neural mechanisms and their 
electrophysiological correlates. Neurosci. Biobehav. Rev. 34, 1066-1079. doi: 10. 
1016/j.neubiorev.2010.01.014 

Conflict of Interest Statement: The author declares that the research was conducted 
in the absence of any commercial or financial relationships that could be construed 
as a potential conflict of interest. 

Received: 1 6 December 201 3; paper pending published: 28 April 201 4; accepted: 1 6 July 
2014; published online: 21 August 2014. 

Citation: Fields C (2014) Motion, identity and the bias toward agency. Front. Hum. 
Neurosci. 8:597. doi: 10.3389/fnhum.20 14.00597 

This article was submitted to the journal Frontiers in Human Neuroscience. 
Copyright © 2014 Fields. This is an open-access article distributed under the terms 
of the Creative Commons Attribution License (CC BY). The use, distribution or 
reproduction in other forums is permitted, provided the original author(s) or licensor 
are credited and that the original publication in this journal is cited, in accordance with 
accepted academic practice. No use, distribution or reproduction is permitted which 
does not comply with these terms. 



Frontiers in Human Neuroscience 



www.frontiersin.org 



August 2014 | Volume 8 | Article 597 | 13 



